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ABSTRACT
A simple method for generating cDNA libraries has been described (1) in

which RNase H-DNA polymerase I-mediated second-strand cDNA synthesis primes
from an RNA oligonucleotide derived from the 5' (capped) end of mRNA. The
size of this oligonucleotide and the fate of the information corresponding
to the RNA during subsequent cloning have not been established. We show
here that the 5'-most RNA primer varies in length from 8 to 21 nucleotides,
and that information corresponding to the length of the RNA primer is
normally lost during cloning. A modification of the second-strand cDNA
synthesis procedure is described which allows cloning of all, or almost all,
of the primer sequence information. In addition, we show that the presence
of L. coli DNA ligase during second-strand cDNA synthesis can increase the
length of the cDNA clones obtained from long RNAs. Cloning by addition of
linkers provides the greatest chance of obtaining near full-length cDNA
clones from long mRNAs.

INTRODUCTION

The double-stranded (ds) cDNA synthesis method of Gubler and Hoffman

(1) has become widely accepted. The method relies on the combined

activities of E. coli RNase H and DNA polymerase I to catalyze second-strand

cDNA synthesis from an mRNA-cDNA hybrid by RNA-primed nick translation (2).

The method is attractive because it reduces the amount of hairpin double-

stranded cDNA obtained by other methods (3), eliminating Sl nuclease-

mediated cleavage of the hairpin loop. For the method to be successful,

second-strand synthesis by DNA polymerase I must prime from the RNA

oligonucleotide derived from the 5' (capped) end of the mRNA. Failure to

prime from this oligonucleotide frequently leads to hairpin-primed synthesis
of second-strand cDNA. However, once cDNA synthesis primes from the 5'-most

RNA oligonucleotide, it is not clear whether sequence information within

this RNA is preserved during subsequent cloning. We report here the details

of the mechanism whereby the 5'-most RNA primer is removed during second-

strand synthesis and the fate during subsequent cloning of the information

derived from this RNA.
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As originally conceived (2) and modified (1), DNA polymerase I-RNase H-

mediated second-strand cDNA synthesis included E. coli DNA ligase to seal

any nicks in the nick-translated second-strand cDNA. However, the need for

DNA ligase has not been demonstrated experimentally (1). We report here the

influence DNA ligase has on the size of second-strand cDNA products and on

the size of cloned cDNA.

MATERIALS AND METHODS

RNAs

Synthetic 2.3-kb and 6.2-kb RNA containing a 19 nucleotide poly(A) tail

at the 3'-end and an EcoR I cleavage site 38 nucleotides from the 5'-end

were synthesized from linearized pHLlX and pHL3X, respectively (Figure 1).

A typical reaction mixture (0.3 ml) contained 40 mM Tris-HCl (pH 8.0), 8 mM

MgC12, 2 mM spermidine-HCl, 5 mM dithiothreitol (DTT), 0.4 mM each of ATP,

CTP, UTP, and GTP, 20 Ag/ml DNA, and 2000 U/ml T7 RNA polymerase. When 5'-

end labeled RNA was synthesized, 0.4 mM [-y- P]GTP (20,000 cpm/pmole) was

used. After a 1 hr incubation at 37°C, the RNA product was phenol

extracted, ethanol precipitated, and purified by oligo(dT)-cellulose

chromatography (3) to ensure the presence of a poly(A) tail.

First-strand cDNA synthesis
Reaction mixtures (50 p1) contained 50 mM Tris-HCl (pH 8.3 at 220C),

75 mM KC1, 10 mM DTT, 3 mM MgC12, 500 AM each of dATP, dTTP, dCTP, and dGTP,

50 pg/ml oligo (dT)12 18, 200 Ag/ml RNA, and 10,000 units/ml cloned Moloney

murine leukemia virus (M-MLV) reverse transcriptase (RT). When first-strand

cDNA was labeled, [a- P]dCTP (250 cpm/pmole) was used. The reaction

mixture was incubated at 370C for 1 hr and chilled on ice. The yields were

40 to 60% and 30 to 40% from 2.3-kb and 6.2-kb RNA, respectively.

Second-strand cDNA synthesis

DNA Rolymerase I and RNase H combined. The first-strand reaction

mixture was diluted to a final volume of 400 p1 containing 25 mM Tris-HCl

(pH 8.3), 100 mM KC1, 5 mM MgC12, 5 mM DTT, 250 pM each of dATP, dCTP, dGTP,

and dTTP, 250 units/ml E coli DNA polymerase I, and 8.5 units/ml E. coli

RNase H. When second-strand cDNA was labeled, [a- P]dCTP (500 cpm/pmole)

was used. Some reaction mixtures also contained 10 units/ml E. coli DNA

ligase (New England Biolabs) and 0.15 mM P-NAD. After a 2 hr incubation at

16°C, the reaction mixture was extracted with phenol and the DNA was ethanol

precipitated twice from ammonium acetate (2). The yields were generally

100%.
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DNA polymerase I alone followed by RNase H. The first-strand reaction

mixture was diluted and incubated under the reaction conditions described

for second-strand cDNA synthesis, except that L coli RNase H was omitted

from the reaction. After phenol extraction and two ethanol precipitations,

the double-stranded cDNA was incubated with L. coli RNase H for 20 min at

37°C in a reaction mixture (20 pl) containing 20 mM Tris-HCl (pH 7.5), 10 mM

MgC12, 20 mM KCl, 0.1 mM Na2 EDTA, 0.1 mM DTT, and 20 units/ml E. coli RNase

H. The DNA was phenol extracted and ethanol precipitated.

Cloning

Cloning by linker addition. To ensure the ends of the double-stranded

cDNA were blunt, the DNA was incubated with T4 DNA polymerase and all four

dNTPs (4). Hind III linkers were ligated to blunt-ended double-stranded

cDNA (5). Gel filtration over a Sepharose 4B-Cl column (0.7 x 4 cm and 0.2

x 30 cm for cDNA synthesized from 2.3-kb and 6.2 kb-RNA, respectively) was

used to eliminate excess linkers and low molecular weight cDNA prior to

ligation to plasmid. The cDNA was ligated to pUC8 or pUC9 DNA that had been

cut with Hind III and dephosphorylated with bacterial alkaline phosphatase

using standard techniques (5). The ligation mixture was diluted and used to

transform E. coli DH5a competent cells (BRL) to ampicillin resistance. The

cells were plated onto plates containing 5-bromo-4-chloro-3-indoly-f-D-
galactopyranoside (X-gal). White colonies were picked and grown overnight.

The DNA was extracted (6), digested separately with EcoR I and Hind III, and

fractionated by electrophoresis in a 1.2% agarose gel to determine the size

of the cDNA insert.

Cloning by tailing with terminal deoxynucleotidyl transferase. Double-

stranded cDNA synthesized from 6.2-kb RNA, but not 2.3-kb RNA, was size

fractionated on a Sepharose 4B-Cl column (0.2 x 30 cm) to eliminate product

less than 500 base pairs in length prior to tailing. DNA was tailed with

dCTP (7,8) in reaction mixtures (20 pl) containing 100 mM potassium

cacodylate (pH 7.2), 2 mM CoC12, 0.2 mM DTT, 20 pM [3H]dCTP (2000

cpm/pmole), cDNA equivalent to 1 pmole 3' termini, and 1000 units/ml
terminal deoxynucleotidyl transferase (TdT). The reactions were incubated

for 15 min at 30°C, and the average dC-tail length ranged from 20 to 30

nucleotides.

The dC-tailed ds cDNA was annealed to Pst I - cut pBR322 DNA in 100 p1

containing 10 mM Tris-HCl (pH 7.5), 100 mM NaCl, 0.1 mM Na2 EDTA, 25 ng dG-

tailed pBR322 DNA, and either 8 to 30 ng 2.3-kb cDNA or 21 to 82 ng 6.2-kb

cDNA. Mixtures were incubated at 680C for 5 min and 45°C for 60 min. A
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portion of the annealing mixture was used to transform E coli DH5a

competent cells (BRL) to tetracycline resistance. Resistant colonies were

grown overnight in minimal media containing 15 pg/ml tetracycline. The DNA

was extracted (6), digested with EcoR I and Pst I alone or in combination,

and fractionated by electrophoresis in a 1.2% agarose gel to determine the

size of the cDNA insert.

5'-End analysis of second-strand cDNA

Unlabeled, apparent full-length, double-stranded cDNA synthesized from

2.3-kb RNA in the absence of E. coli RNase H was purified by agarose gel

electrophoresis (9), dephosphorylated with bacterial alkaline phosphatase

(10), and labeled at 5' ends with [-y- P]ATP and T4 polynucleotide kinase

(11). After digestion with EcoR I and repair with dTTP, dATP, dCTP, dGTP

and DNA Polymerase I Large Fragment, labeled 40-43 nucleotide fragments

containing the 5'-most RNA primer covalently joined to second-strand cDNA

were separated by electrophoresis on a 10% polyacrylamide gel (11). The

identity of the labeled nucleoside 5'-monophosphate at the 5' end of each

fragment was established by digestion with snake venom phosphodiesterase

(12) (Worthington) followed by thin-layer chromatography on PEI-cellulose in

1 M LiCl (13) to separate nucleotides.

RESULTS AND DISCUSSION

RNAs used as templates

Synthetic 2.3-kb and 6.2-kb RNAs with a 3'-poly(A) tail, synthesized

from plasmid pHLlX and pHL3X, respectively (Figure 1), were used as model

templates. These RNAs were selected because they can be synthesized in

vitro in abundance; they can be labeled uniformly or at an end during

synthesis; the sizes of the RNAs, 2.3 kb and 6.2 kb, are typical of an

average size and a long mRNA, respectively; and they contain a unique EcoR I

cleavage site 38 bases from the 5' end, which can be exploited to establish

the details of the second-strand cDNA priming event and to assess the length

of cloned cDNA inserts (see below).

Size of the 5'-most RNA oligonucleotide generated during first-strand cDNA

synthesis
Complete retention of sequence information during double-stranded cDNA

synthesis using Gubler and Hoffman (1) methodology requires synthesis of

full-length first-strand cDNA and priming of second-strand synthesis from an

RNA oligonucleotide derived from the 5' end of the mRNA. This 5'-most RNA

oligonucleotide could be generated from the mRNA-cDNA hybrid either by the
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Figure 1. The structure of plasmids pHLlX and pHL3X used to synthesize
2.3-kb and 6.2-kb RNA, respectively. Plasmid DNA was digested with Hind III
before transcription with T7 RNA polymerase (Materials and Methods).

action of RT-associated RNase H after completion of first-strand synthesis

or by the action of EL coli RNase H added at the beginning of the second-

strand reaction. At the end of first-strand cDNA synthesis catalyzed by M-

MLV RT, much of a 2.3-kb 5'-end labeled RNA template has been degraded, and

the 5'-most oligonucleotides generated are approximately 10 to 20

nucleotides long (Figure 2). These oligonucleotides are long enough to

remain hydrogen bonded to first-strand cDNA and would prime second-strand

synthesis without further cleavage by E. coli RNase H. In addition, with

RNA oligonucleotides of this length, the 5'-most priming event of second-

strand cDNA synthesis would occur upstream from the EcoR I site in the 2.3-

kb RNA sequence, ensuring that this site would be available for cleavage in

full-length ds cDNA product (see below). Similar size fragments were

generated during first-strand synthesis catalyzed by AMV RT (data not

shown).

Fate of the 5'-most nRNA seguence information

Experimental approaches. To study the fate of the 5'-most RNA

oligonucleotides that prime second-strand synthesis, ds cDNA product from

2.3-kb RNA was cut with EcoR I, and the 3'-recessed ends at the EcoR I site

were labeled by repair synthesis with DNA polymerase I Large Fragment
(Figure 3). Because of the location of the EcoR I site (Figure 1), only
near full-length ds cDNA molecules were cut. Repair synthesis at the EcoR I

termini labeled (a) the 3' ends of short fragments of second-strand cDNA

(less than 45 nucleotides long) that contained at their 5' ends any

2003



Nucleic Acids Research } t t il t .' .................................. ' . 1k. /1;
sP t -r. ,

._i__ :. :....._i_S__

;''S'9
_i; /'4 ,.. :.::

Figyure 2. Electrophoretic analysis of 32p-labeled RNA oligonucleotides

generated during cDNA synthesis from 5'-end labeled 2.3 kb RNA. First-

strand cDNA synthesis reactions (25 4l) containing 1 pg (18,000 cpm) of 2.3

kb RNA labeled with [-y-32P]GTP, the indicated amounts of M4-MLV RT, and

[3H]dGTP (70 cpm/pmole) to monitor DNA synthesis, were incubated at 370G.

Duplicate aliquots (2.5 4l) were removed at the times indicated. One was

electrophoresed on a 7 M urea 10% polyacrylamide gel and the other was

acid precipitated to determined amounts of cDNA synthesized (0.28 and 0.93

pg cDNA were synthesized in 60 min with 100 and 200 units of M-MLV RT,

respeatively). Virtually no RNA migrated in the 25 to 230 nucleotide size

range. This section of the gel is not shown.

surviving RNA primer and (b) the 3' end of a long fragment of first-strand

cDNA (- 2,200 nucleotides long). Repair synthesis also labeled other

regions in ds cDNA products, e.g., gaps or 3'-recessed ends derived from the

poly(A) end of the mRNA. DNAs labeled at these locations were usually

greater than 100 nucleotides long and did not interfere with the analysis

(Figure 4, lane H). The shorter fragments labeled at the EcoR I site and

generated under several different second-strand reaction conditions (Figure

3) were size fractionated and separated from other labeled fragments by

electrophoresis on a denaturing sequencing gel (11) (Figure 4). The

structure of these shorter fragments will be discussed in the next sections.
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SECOND STRAND REACTION (0.4 ml; 5,g cDNA)

0.3 ml 0.1 ml
DNA Polymerase I DNA Polymerose 1, RNase H
i2 hr, 16 IC 2 hr, 16 OC
Extroct Extract
Precipitate Precipitate

No Additions
RNase H 1 DNA Polymerase

~No Additions 420 min, 37IC hr, 16 *C No Additions No Additions

Precipitate Precipitate
Eco RI Digestion, Repair with 132P]dATP, dTTP Repair with

__________ (~~~~~~~~~~~~~P]~dATP, dTTP

No_Addition Alkali No Addit BAP 4NO Additions N Alkali No Additions

A B C D E F G H
-H -H -H -H -H +H H

+OH +H +H +Pol +OH
+BAP

Figure 3. Schematic of protocol used to prepare double-stranded cDNA
synthesized from 2.3 kb RNA for electrophoretic analysis (Figure 4). First-
strand cDNA synthesis was performed as described in Materials and Methods
from 2.3 kb RNA. Yields were 50% and half the product was apparent full-
length cDNA. On ice, the reaction mixture was diluted to 400 pl in second-
strand components (Materials and Methods), which included DNA polymerase I
but excluded RNase H and DNA ligase, was split into two aliquots (0.3 ml and
0.1 ml), and E. coli RNase H (0.5 units) was added to the 0.1 ml aliquot.
Both reaction mixtures were incubated at 16°C for 2 hr, phenol extracted,
and ethanol precipitated. Products were then subdivided into portions and
treated as indicated. RNase H digestion (indicated by +H) was performed
with 0.5 units at 370C for 20 min (Materials and Methods). Incubation with
DNA polymerase I (indicated by +Pol) was for 1 hr at 16°C at 250 units/ml
(Materials and Methods). All cDNA products were labeled by DNA repair
synthesis with [a-32P]dATP, dTTP, dCTP, dATP, and DNA polymerase I Large
Fragment after digestion with EcoR I (the DNA in H was labeled without
digestion). The completeness of the repair reaction was confirmed by
cutting the labeled DNA at the Cla I site located just 5' to the EcoR I site
and showing that the labeled DNA fragment migrated during gel
electrophoresis as a single species 11 nucleotides long. Treatment with
alkali (indicated by +OH) was in 0.3 N KOH at 370C for 16 hr. Treatment
with bacterial alkaline phosphate (indicated by +BAP) was done at 20,000
units/ml for 30 min at 65°C.

In a typical experiment, after EcoR I digestion and repair, approximately
25% of the label resided in the shorter second-strand cDNAs, 25% resided in

the 2.2 kb first-strand cDNA, and 50% was found in DNA labeled at locations

other than at the EcoR I site.

To study the fate of the sequence information corresponding to the 5'

end of the mRNA, double-stranded cDNA products were cloned and the size of

the cloned cDNA inserts were determined. In some cases, the DNA sequence

upstream from the EcoR I site of the cloned insert was determined.
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Second-strand synthesis in the absence of RNase H. If second-strand

cDNA was synthesized by DNA polymerase I in the absence of E. coli RNase H,

a family of labeled fragments 40 to 43 nucleotides long was observed (Figure

3A and Figure 4, section A, lane A). Treatment of these fragments with

alkali increased their rate of migration (Figure 3B and Figure 4, section A,

lane B), demonstrating the presence of RNA in the fragments. The structures

of the major oligonucleotide product present before and after treatment with

alkali are shown in Figure 4, section B, line A and B, respectively. The

DNA that remained varied in length from 23 to 28 nucleotides. Therefore,

second-strand cDNA synthesis in the absence of E. coli RNase H primed

primarily 23 to 28 nucleotides upstream from the EcoR I site corresponding

to 21, 20, 19, and 16 nucleotides from the original 5' end of the 2.3-kb

RNA. These deduced primer lengths are consistent with the length of the 5'-

end labeled RNA oligonucleotides generated by the RNase H activity of M-MLV

RT and found at the end of the first-strand reaction (Figure 2).

The length heterogeneity of these fragments before alkali treatment (40

to 43 nucleotides) was due to the absence of one, two, or three nucleotides

from the 5' end of the fragments. This was established by identifying the

5'-end nucleotide of each fragment separated by electrophoresis on a 10%

polyacrylamide gel (Materials and Methods).

Figure 4. (A) Electrophoretic analysis of double-stranded cDNA. Double-
stranded cDNAs prepared and labeled as described in Figure 3 were adjusted
to 10,000 cpm/pl in 8 M urea and were denatured by heating at 90°C for 30
sec. Equal volumes of DNAs were fractionated on an 8.3 M urea, 10%
polyacrylamide sequencing gel to determine the size of the radiolabeled
fragments derived from the 5' end of second-strand cDNA. Lanes A-H
correspond to samples A-H in Figure 3 (H: E. coli RNase H; OH: alkali; BAP:
bacterial alkaline phosphatase; Pol: E. coli DNA polymerase I). The
numbers indicate the length of the fragments in nucleotides. Those numbers
followed by a (0) indicate that the fragments contain 5' phosphate and
cannot be sized directly with the markers used. Lane M is labeled,
dephosphorylated, Tag I-cut #X174 RF DNA. DNA labeled by repair of the
other half of the EcoR I cut site remained at the top of the gel and is not
shown. (B) Structure of the most abundant labeled fragments observed in
lanes A-G. Ribonucleotides are in italics and asterisks designate
radiolabeled deoxyribonucleotides. (C) Sequence and proposed structure of
the 65-nucleotide hairpin cDNA observed towards the top of the gel lanes.
The hairpin cDNA was prepared as follows. Unlabeled first-strand cDNA was
treated with alkali to remove RNA, incubated with DNA polymerase I in a
second-strand reaction, digested with EcoR I, labeled by repair synthesis as
described, and fractionated by gel electrophoresis. The labeled band that
comigrated with authentic 65-nucleotide hairpin cDNA synthesized in a
standard second-strand reaction (Materials and Methods) was excised and
eluted from the gel and sequenced (11). Putative first-strand cDNA is
represented in capital letters and second-strand cDNA in lower case letters.
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Table 1. Cloning Efficiencies
Vector + Double-Stranded Efficiencies

cDNA Insert Recombinants Recombinantsf
pg cDNA Insert pg mRNA

dG-Tailed pBR322 DNA + 0.8 X 106 0.4 X 106
dC-Tailed 2.3 kb cDNAaX1b

dG-Tailed pBR322 DNA + 5.3 X 106 2.3 X 106
dC-Tailed 2.3 kb cDNAa,c

pUC8 DNA + 2.3 kb cDNAewith 2.2 X 106 0.3 X 106
Hind III Linkers u

aSupercoiled pBR322 DNA gave a transformation efficiency of 6.7 X 107
colonies/pg DNA, while dG-tailed pBR322 DNA gave 1.4 X 104 colonies/pg DNA
bDouble-stranded cDNA was synthesized in the absence of E. coli RNase H
cDouble-stranded cDNA synthesized in the absence of E. coli RNase H was

incubated with RNase H before tailing
dSupercoiled pUC DNA gave a transformation efficiency of 2 X 108 colonies/pg
DNA. Background (blue colonies) was 7% during transformation of the ligated
mixture
eDouble-stranded cDNA was synthesized in the presence of E. coli RNase H
fRecombinants/pg mRNA - Recombinants/pg cDNA insert X % cDNA yield

0. 5(100)

It cannot be established from the data presented here when

ribonucleotides were lost from the 5' end of the RNA primer. The 5' - 3'

exonuclease activity of DNA polymerase I is capable of hydrolyzing RNA

24 Pol /TdT Po /H/TdT 21 PoI+H/ 21

120 3I? (40) 12

Linkers
o (28)

16-6
0 12 0

2 6

0 ~~~~~~~~0

01 2 31 2 3 123
Size of Insert (kb)

Figure 5. Size of the cDNA inserts synthesized from 2.3 kb RNA and cloned
by different methods. First-strand cDNA synthesized from 2.3 kb RNA was
made double-stranded with DNA polymerase I in the absence of E. coli RNase H
(left), by subsequent incubation with RNase H (middle), or by simultaneous
incubation with RNase H (right) (Materials and Methods). DNA was cloned
into pBR322 DNA by tailing with TdT or into pUC8 by addition of Hind III
linkers (Materials and Methods). The sizes of the cDNA inserts (1 - 0 to 1
kb; 2 - 1 to 2 kb; 3 - 2 to 3 kb) were established as described in Materials
and Methods. The numbers in parentheses are the total number of clones
screened. The numbers above the bars indicated the number of cDNA inserts
in each size class that contained an EcoR I cut site.
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contained in an RNA-DNA hybrid (14). However, DNA polymerase I did not

catalyze the removal of these nucleotides. As shown in Figure 4 (compare

lanes A and E), incubation of the ds cDNA product synthesized in the absence

of RNase H with additional DNA polymerase I caused no change in the size

distribution of this family of fragments. As will be shown below, the RNA

primer present in a hybrid with first-strand cDNA is attacked by E. coli

RNase H, and once degradation is started by this enzyme, the DNA polymerase

I 5' -+ 3' exonuclease can complete removal of the RNA primer.

RNA at the 5' end of first-strand DNA in this product precluded cloning

by ligation of DNA linkers. As an alternative, the DNA was cloned by adding

dC homopolymer tails with TdT and annealing the tailed DNA to dG-tailed

pBR322 DNA. The cloning efficiency was relatively low (4 x 105
recombinants/pg in mRNA, Table 1), and only a small proportion (3 of 17) of

the cloned inserts examined was near full-length (contained an EcoR I site)

(Figure 5). This means that the 3' end of full-length or near full-length

first-strand DNA in this cDNA product was not tailed efficiently by TdT,

probably because it was recessed and/or was part of a blunt ended DNA-RNA

hybrid (7,8).

Second-strand synthesis with a delayed addition of RNase H. If E. coli

RNase H was added to the second-strand reaction after DNA polymerase I was

removed, some, but not all, of the RNA primer was removed (Figure 3C and

Figure 4, section A, lane C). Since EL coli RNase H leaves a 5' phosphate

after cleavage (15), the 5' phosphate was removed to allow direct size

comparison with the alkali treated cDNA fragments (Figure 3D and Figure 4,

section A, lane D). After phosphatase treatment, the mobility of each band

decreased by an amount corresponding to approximately 1½ nucleotides, and

each band migrated at a position consistent with a length 2 nucleotides

greater than when all RNA had been removed with alkali (Figure 4, compare

lanes B and D). Therefore, E. coli RNase H removed all but two

ribonucleotides of the RNA primer. This corroborates the conclusions of

others (15-17) that E. coli RNase H is not capable of cleaving hybrid RNA at

the junction between a ribonucleotide and a deoxyribonucleotide. The

structures of the major oligonucleotide product present before and after

treatment with bacterial alkaline phosphatase are shown in Figure 4, section

B, line C and D, respectively.
Removal of most of the RNA primer of second-strand cDNA with E. coli

RNase H should have made the 3' end of full-length first-strand cDNA single-
stranded, and therefore, a good substrate for tailing with TdT. After

2009



Nucleic Acids Research

addition of dC homopolymer tails, the cDNA was annealed to dG-tailed pBR322

DNA and transformed into E. coli. The cloning efficiency increased 6.5 fold

relative to cDNA not treated with RNase H (Table 1), and a large proportion

(21 of 40) of the cloned inserts was near full-length (Figure 5). Two

apparent full-length 2.3-kb cDNA inserts were sequenced from the EcoR I site

through the dC-dG homopolymer region (11). The clones had the complete

sequence, and differed only in the length of the tail. Because the 5' end

of the RNA starts with 3 successive G residues (see Figure 4, section B), it

was impossible to determine which complementary C residue at the 3' end of

first-strand cDNA served as the initiation point for dC-homopolymer tail

synthesis. It is clear that no more than 3 nucleotides corresponding to the

5' end of the RNA were lost during cDNA synthesis and cloning by this

method.

Second-strand synthesis in the presence of RNase H. If E. coli RNase H

was present during DNA polymerase I-catalyzed second-strand cDNA synthesis,

a family of longer fragments with a broad size distribution was observed

(Figure 3F and Figure 4, section A, lane F). Since treatment with alkali

did not change the migration rate of most of these fragments (Figure 3G and

Figure 4, section A, lane G), all the RNA primer had been removed during

second-strand synthesis. We conclude that RNase H initiated degradation of

the primer, followed by 5' - 3'exonucleolytic digestion by DNA polymerase I,

removed all the ribonucleotides. The fragments were accurately sized after

treatment with bacterial alkaline phosphatase, and the majority were 29 to

35 nucleotides long (data not shown). Therefore, second-strand cDNA

synthesis in the presence of E. coli RNase H primed primarily 14, 13, 11,

10, 9, and 8 nucleotides from the original 5' end of the 2.3-kb RNA.

Apparently, the 5'-most RNA oligonucleotides (16 to 21 nucleotides long)

generated by M-MLV RT RNase H during first-strand cDNA synthesis were

shortened at their 3' ends by E. coli RNase H before second-strand synthesis

was initiated.

Similar gel analyses were performed with rabbit a-globin double-

stranded cDNA cut with Sty I and repaired (data not shown). When E. coli

RNase H was absent during second-strand synthesis, the capped RNA primer was

predominately 12 to 18 nucleotides long; in the presence of E. coli RNase H,

the RNA primer length was 7 to 13 nucleotides.

Removal of the 5'-most RNA primer by the combined action of E. coli

RNase H and DNA polymerase I would make any complementary nucleotides

located at the 3' end of full-length first-strand cDNA single-stranded.
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Single-stranded DNA in turn would be hydrolyzed by the 3' -- 5' exonuclease

activity of DNA polymerase I, leaving the end of the double-stranded cDNA

product blunt, or nearly so. Therefore, during subsequent cloning, sequence

information corresponding to the 5'-most RNA oligonucleotide that primed

second-strand synthesis would be lost. To test this, Hind III linkers were

ligated to ds cDNA synthesized from 2.3-kb RNA in the presence of E. coli

RNase H and the cDNA was cloned into the Hind III site of pUC8. Because of

the low overall yield of cDNA obtained using this method, the cloning

efficiency was only 3 x 105 recombinants/pg mRNA (Table 1). However, a high

proportion of cDNA inserts examined were near full-length (21 of 28) (Figure

5). Two apparent full-length inserts were sequenced from the EcoR I site

through the Hind III linker and into the vector (11). One was missing 12

nucleotides, and the other 15 nucleotides, corresponding to the 5' end of

the RNA sequence. These results suggest that the sequence information lost

following cloning corresponds to the sequence of the 5'-most RNA

oligonucleotide that primed second-strand synthesis.

Hairpin-primed second-strand synthesis. Second-strand synthesis of

cDNA by all three methods just described is accompanied by a small amount of

hairpin-primed synthesis. Usually, 5 to 15% of second-strand cDNA is

synthesized from a hairpin as judged by electrophoretic analysis of the cDNA

(data not shown). The fragment 65 nucleotides long observed in lanes A

through G in Figure 4 could be generated by hairpin synthesis, since no RNA

was found associated with it, even in the absence of E. coli RNase H. This

DNA fragment was synthesized in large quantities, labeled, isolated, and

sequenced (Figure 4, section C). The sequence suggests that second-strand

synthesis primed from the 3' end of full-length first-strand cDNA that had

annealed to a complementary stretch of 7 nucleotides with one mismatch

(Figure 4, section C). Sl nuclease treatment of this DNA and subsequent

cloning by linker addition would probably result in the loss of 17

nucleotides corresponding to the 5' end of the RNA.

Effect of DNA ligase on second-strand cDNA synthesis

No systematic study has been carried out demonstrating the influence of

E. coli DNA ligase on either the size of second-stand cDNA synthesized by

DNA polymerase I and RNase H from RNA templates of different sizes or the

size of cDNAs which are recovered in clones. The proportion of full-length

second-strand cDNA synthesized from RNA decreases as the length of the RNA

increases. For example, 50 to 60% of the second-strand cDNA synthesized

from 2.3-kb RNA was full-length, as judged by agarose gel electrophoresis,
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Figure 6. Size of the cDNA inserts synthesized from 6.2 kb RNA and cloned
by different methods. First-strand cDNA synthesized from 6.2 kb RNA was

made double-stranded with DNA polymerase I and RNase H in the absence (upper
panels) and presence (lower panels) of E. coli DNA ligase. DNA was cloned
into pBR322 DNA by tailing with TdT (left panels) or into pUC9 by addition
of Hind III linkers (right panels). The sizes of the cDNA inserts were

established as described in Materials and Methods. The numbers in
parentheses are the total number of clones screened. The numbers above the
bars indicate the number of cDNA inserts in each size class that contained
an EcoR I cut site.

while only 10% synthesized from 6.2-kb RNA was full-length (data not shown).

In both cases, the presence of E. coli DNA ligase did not increase this

percentage.

In the original vector-primed cDNA synthesis procedure of Okayama and

Berg (2), E. coli DNA ligase was required during second-strand synthesis to

successfully clone full-length globin cDNA. However, if first-strand cDNA

synthesis from globin mRNA was primed with oligo(dT) rather than dT-tailed

plasmid, E coli DNA ligase was not required during second-strand synthesis
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to clone near full-length globin cDNA (1). When second-strand cDNA was

synthesized from 6.2-kb RNA with DNA polymerase I and RNase H, tailed with

dCTP and TdT, and cloned in dG-tailed pBR322 DNA, most cloned inserts were

less than 4 kb long (Figure 6). Addition of E. coli DNA ligase to the

second-strand reaction did not substantially increase the length of the

cloned inserts. Interestingly, many of the clones (25 to 39%) generated by

tailing with TdT contained inserts with an EcoR I restriction site. These

clones were probably generated from a cDNA product in which the first-

strand cDNA was near full-length (synthesis had proceeded to at least within

38 bases of the 5' end of the RNA) and the second-strand DNA was

discontinuous. TdT can add homopolymer tails at internal nicks or gaps

(18); tailing at discontinuities in the second-strand product would result

in clones deleted for 3' sequences, but containing information proximal to

the 5' end of the RNA. In contrast, when the cDNA synthesized in the

absence of DNA ligase was cloned into pUC9 by the addition of linkers, a

dramatic increase in the size of the cloned inserts was observed (Figure 6).

Six of 18 inserts were greater than 6 kb long, and 4 of these contained an

EcoR I site (Figure 6). In this case, the presence of DNA ligase in the

second-strand reaction shifted the size distribution of the cloned cDNA even

further towards full-length. Eleven of 19 inserts were greater than 6 kb in

length, and 8 of these contained an EcoR I site. Considering that DNA

ligase had no effect on the apparent size of second-strand cDNA, it is

difficult to explain this shift towards longer cloned inserts in the

presence of ligase. It is clear that the method of choice for cloning cDNA

derived from long mRNAs by the Gubler and Hoffman method (1) is the addition

of linkers. Discontinuities in the second-strand cDNA do not interfere with

linker addition and subsequent cloning as long as the ds cDNA has blunt

ends.

CONCLUSIONS

Second-strand cDNA synthesis catalyzed by E. coli RNase H and DNA

polymerase I (1) results in the loss of sequence information from the 5' end

of an mRNA template; for the templates used here, this corresponded to < 21

nucleotides. This loss can be prevented by adding RNase H after, rather

than with, DNA polymerase I in the second-strand reaction. Addition of E.

coli DNA ligase to RNase H-DNA polymerase I-mediated second-strand cDNA

synthesis enhances the recovery of near full-length cloned cDNA from long

RNA, particularly when the cDNA is cloned by addition of linkers.
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